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COMBUSTION OF GASEOUS MIXTURES* 
By R. Duchene 



Description of the Second Apparatus 

The first apparatus not having made it possible to 
solve the problem, "because the explosive wave was not oo- 
tained, a new p^pparatus was constructed which made it pos- 
siole to carry the compression ratio to 7. (Fig, !•) It 
was found possible to improve certain parts and more close 
ly approximate an actual engine. The apparatus consists 
of a steel cylinder with a "bore of 50 mm (1,97 in.) and a 
piston with a stroke of 295 mm (11.61 in.), as shown in 
Figure 2. The glass tube was discontinued, and the explo- 
sion chamber was bored in the same steel blocl:, at the end 
of the cylinder. It had a voliime of about 93 cm3(5.85 cu. 
in.) and was closed at the end by a spark plug. In order 
to make it possible to photograph the flame, a narrow slot 
was made the whole length of the explosion chamber and 
hermetically closed by glass. 

The carbureted mixture was introduced, in the liquid 
form, directly into the chamber by utilising the suction 
produced by the s^idden withdrawal of the piston. In order 
to approximate the conviitions in an engine, the mixture 
was introduced through a nozzle which was supplied, before 
the test, with the desired quantity of combustible. The 
negative pressure produced by the inflow of air drew in 
the contents of the capillary tube. (Fig. 3,) The mix- 
ture consisted partly of vapor and its homogeneity was 
less perfect than in the preceding cases, but the events 
occur in a way more nearly conforming to actual practice. 

The temperature of the mixture was shov/n by a ther- 
mometer introduced into the chamber just before the test. 



* "Etude de la combustion des melanges gazeux." Publica- 
tions Sci en tif i que s et Techniques du Llinistere de l^Air. 
Service des Recherches de 1 * Adr onaut i que , pp. 51-66. 

This Memorandum is supplementary to iT.A.C.A. Technical 
Memorandums 547 and 548: Contribution to the Study of For 
mal Burning in G-aseous Carbureted Mixtures, Parts I and I 
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Electric heating wires surr o\inded the cylinder, making it 
possible to raise the inside temperature to 180^0 (356 
The compression was produced, as in the first apparatus, 
ty a heavy ram, weighing 40 kg ( 88 Ih.), which was raised 
from its position of equilibrium and allowed to fall free- 
ly. The ignition was acconipli shed by means of a spark 
plug, and the breaking of the primary circuit of the in- 
duction coil was always controlled by the piston rod. 

In order to enable the -laasurement of the energy de- 
veloped by the explosion, the ram was mounted on ball 
bearings, so that the height to which it was returned by 
the expansion was approximated proportional to the energy 
exerted. The maximum height was recorded on a plate coat- 
ed with lampblack. (Fig, 4.) 

The film moved at the rate of 12 m (39.37 ft.) per 
second, its speed being controlled by an indicator. 



Duration of the Compression and of 
the Period of Rest of the Piston 

We considered it important to determine exactly the 
conditions under which the combustions wore produced, in 
order to show whether the results can bo compared with 
those obtained in an engine. It is necessary to know the 
duration of the compression and expansion, as also of the 
pause at the end of the stroke, which does not occur in 
an engine. 

For this purpose a long luminous slot was placed be- 
hind the piston rod, so that it was totally hidden by the 
latter from a photograph camera placed in front, (Fig. 
5.) A hole in the piston rod transmitted a ray of light 
which formed a point on the film. The film was mounted 
on a drum. When the piston was driven in by the r-em, this 
point moved on the film along a generatrix of the drum, 
when the latter was at rest. When the drum was turning, 
the motion of the piston was recorded on the film in the 
form of a curve. 

Figure 6 is a record obtained in this way. Combusti- 
ble, "Esso"; compression ratio r = 7; initial tempera- 
ture ti 50° C (140°F.). It is obvious that the com- 
pression did not take place regularly, but by jumps. We 
cannot explain this phenonenon. The expansion, on the con- 
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trary, was very regular. The curve "bends at the instant 
the velocity ceased to increase. It may be estimated that 
the tine of arrest at the "bottom of the stroke was of the 
order of 0,01 second. During this time the com"bustion 
took place at constant volume and the flame was not affect- 
ed by the motion of the piston. 

We considered it of interest to compare the top of 
this ctirve for different fuels. For this purpose we in- 
vontod the magnifying device shown in Piguro 7. Two rec- 
ords obtained with this device are shown in Figure 8. The 
fuels wore "Esse" and ordinary gasoline, r = 7 and 

= 148*^0 (298.4^?,) • i'^o spark was required, as auto- 
ignition was produced at this temperature with both fuels. 
The photographic paper moved at the rate of 2#8 m (9.2 ft,) 
per second. 

Prom those records wo obtained the following data by 
taking account of the fact that the points of the curves 
situated on the ordinate A A* correspond to the maximum 
penetration of the piston. The part of the curve above 
this ordinate represents an elastic displacement of the 
whole cylinder under the influence of the thrust of the 
ran. Allowing for the magnification, this deformation is 
about 4 mm (0,16 in.) . 



"Esso" 



G-asoline 



Period of rest of piston at i 

bottom of stroke (max, com- j 

pression) in thousandths of . 

a second. ! 



0.85 



0.70 



Velocity of return of piston 
at end of 1 cm (0.4 in.) of 
expansion stroke (per sec). 



X n (3.28 



ft^ 1,4 m (4.59 ft.) 



Remarks 



Velocity jVelocity seems 

continues i to have reached 

to in- its maximum be- 

crease be- ' fore bottom of 



j low photo- photo, 
graph. , 
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It is evident from these records and the al)ove ta- 
ble that the comhus t i on , as judged by its effects, pro- 
ceeded more rapidly with gasoline than with "Esso.^' The 
time of comhustion at constant volume was a little loss 
with the former. The curves corresponding to the expan- 
sion show that the maximum velocity of conhustion was 
reached sooner with gasoline than with "Esso." 

We have given the results of the preliminary tests 
to show how our device differs from a real on;:^inc. The 
velocity of the piston in our apparatus corresponds ap- 
proximately to the mean velocity of the piston in an en- 
gine running at 300 r.p.ra. This is much slower than the 
speed of an ordinary engine running at full power, hut 
about the same as that of a Diesel engine. ITever thel e s s , 
when fuels are investigated in a special engine, like the 
Armstrong, it is made to revolve at a speed of this order 
of magnitude. The piston is not arrested at the botto;.! 
of its stroke in an engine, but its velocity is known to 
pass through zero at the dead center and to be small in 
this vicinity. 

Consideration of the Results 

Jhe ^^cond apparatus, which we have Just described, 
gives displacement records of the flame similar to those 
of the first apparatus, but they are not so uniform, due to 
the mixture being less homogeneous. With this apparatus 
it would be difficult to plot curves like those in figure 
9 showing the effect of the richness of the mixture, be- 
cause tlie differences between two identical tests are 
sometimes greater than those duo to a va3;^iation in tlie 
richness of the fuel. One might, of coursq^ obtain an 
acoop1jab:|.c result by repeating the tests and taking the 
mean of the data obtained^ 

Data Taken from Several Records 

In order to make this point clearer^ we will give, 
in tabular form, the numerical results of several series 
of tests. Although tests were riade with many hydrocar- 
bons, we will confine ourselves to the comparison of two 
which differ greatly as to composition and results, name- 
ly, ordinary gasoline and "benzol 90" (benzene). Here are 
the characteristics of these two fuels: 
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S , Boiling poin t 

Ordinary gasoline ( "Mo tr icine ") 0.728 31 to 200^0 

Benzol 90 ("Paris gas") 0.880 78 " llO^C 

and 90 per cent at lOO^C 

During the tests, the richness of the mixture was always 
slightly greater than that of the theoretical mixture, 
"because our previous tests showed that the comhustion 
speed of such a mixture is the greatest. (See Table I, 
page 13.) 

Consideration of These Hesults 

Column 2 of Table I shows that successive tests, un- 
der as like conditions as possible, gave the following 
variations for 0 duration of propagation. 

Gasoline 4.8 < 0 < 7.2 ^ in thousandths 
Benzol 4.2 < 0 < 6.0 j of a second. 

Moreover, it seems to follow from this table: 

1. That the combustion as a whole (from the instant 
of the spark until the instant at which the flame reaches 
the other end of the chamber) is more rapid for benzol 
than for gasoline. 

2. That the lag (time between passage of spark and 
beginning of propagation) is smaller for benzol than for 
gasoline. If this difference in lag is taken into account, 
it seems that the actual period of propagation is practi- 
cally the same for both hydrocarbons. 

3. Tha,t both the lag and the difference in the dur^x-- 
tion of the propagation increase, when the time allowed 
for the formation of the mixture (called "delay" in the 
table) decreases. 

We have stressed the importance of the discrepancies 
between two consecutive tests, in order to show that no 
conclusion can be drawn from a single test and that any 
conclusion must be drawn from the mean results of as large 
a number of tests as possible. It is by proceeding in 
this manner that we have established the few following 
points. 
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Effect of the Initial Temperature of the Cylinder 

It is interesting to consider first the effect of 
the temperature of the mixture on the mean propagation ve- 
locity of the flame. Table II summarizes the results ob- 
tained with several fuels. The numbers indicate the time, 
in thousandths of a second, required for tho flame to trav- 
erse t'ha 10 cm (3.93 in.) explosion chamber. (See Table II.) 

The effect of the initial temperature is considerably 
below 50°C (122^1), the mean velocity doubling when the 
temperature rises from 15 to 50 or 60^0 (59 to 122 or 140^ 

♦ Above this temperature the velocity does not seem to 
vary much. The combustion velocity of the heavy gasolines 
is greatly increased by the addition of benzol. The diam- 
eter of the tubes seems to have no appreciable effect above 
15 mm (0,6 in.). Under those conditions the velocities 
obta,inod can be used in ongino calculations. They make it 
possible to regulate tho piston stroke according to the 
combustion spood of tho fuel. 

Effect of the Composition of the iviixture 

The moan velocity of flame propagation varies as the 
richness within the narrow limits of the richness used. 
The is great in lean mixtures. In rich mixture the lag 

is zero for benzol and of the order of one thousandth of a 
second for hexane. (See Table III, page 19.) 



Effect of Compression Ratio 



The effect of the compression ratio on the mean veloc- 
ity of flamo propagation was also investigated. The test 
results are given in Table IV, page 19. 

The Shock and the Explosive Wave 

The first apparatus gave us no information regarding 
the explosive wave, because we were never able to find it 
on the flame photographs. The second apparatus was con- 
structed for the purpose of filling this gap. Despite the 
possibility of using the compression ratio of 7 and rais- 
ing the temperature of the mixture to 115^C (239 E) , the 
new apparatus very seldom gave us the black streak sought, 
corresponding to the formation of the explosive wave. Nev- 
ertheless, in an engine of the same piston displacement, 
knocking or detonation occurred as soon as the compression 
ratio exceeded 5, the cylinder being cooled by a stream of 
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cold wator. Under these conditions we were led to doutt 
that the knocking was produced ty the explosive wave and 
we have "been investigating as to whether some degree of 
discontinuity in the combustion of the fuels, easily pro- 
ducing the phenomenon of the shock, may have a systematic 
character* 

VTe had noticed that the photographs given "by the sat- 
urated hydrocarbons (hexane, heptane, gasoline) showed 
discontinuities not shown "by the photographs obtained 
with the aromatic hydrocarbons. If these discontinuities 
had any relation to the shock, it should be possible to 
increase thorn and to make thorn more and more general in 
proportion- as thoy are placed under con-ditions more favor- 
able to the shock. For this purpose wo conducted a lar^'O 
number of tests (about 400), while varying methodically 
the experimental conditions, namely, the time for the for- 
mation of the mixture, the ignition timing, the richness, 
the temperature, and the compression ratio. The following 
is a summary of our conclusions. 

17hon, in general, the curve is continuous and the 
darkening which it outlines is progressive and continuous 
for benzol and its hom.ologuos, there are very frequently 
discontinuities of curve and of darkening for the saturat- 
ed hydrocarbons which cause the shocks. The discontinuous 
records, however, do not seem to become more frequent in 
proportion as the conditions are more fa-vorablo for the 
production of the shock. The discontinuities noted are 
certainly indications of a less regular combustion and 
consequently of sudden variations in the engine power. 
Their frequency in a series of tests enables the classifi- 
cation of the fuels according to their fitness for this 
high compression ratio, but there is need of a more pre- 
cise and constant index. 

Elimination of Knock by Turbulence 

Ricardo noted the effect of turbulence on the disap- 
pearance of knocking and, in order to increase the turbu- 
lence in engines, he invented a cylinder head for produc- 
ing turbulence, as shown in 5'igure 10. Our test apparatus, 
in which the cylinder proper is separated from the explo- 
sion chamber by a pronounced constriction, likewise pro- 
duced turbulence in the explosion chamber. Tie repeated 
the previous tests, after appreciably increasing the diam- 
eter of the constricted passage in the apparatus, so as to 
reduce the turbulence. We then obtained the explosive 
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wave easily and regularly at the coapression ratio of 7 
and the initial temperature of 115^0 (239^F) • 

Records Obtained with the Explosive ^ave 

The explosive wave is characterized "by a "black streak 
on the record, which is formed toward the end of the prop- 
agation of the flame, as shown in ?igure 11 and photo- 
graphs XXI to XXXVII, ^e refind here the aspect of the 
photographs obtained "by 'iTithrow. This aspect of the rec- 
ord is constant, and the photographs ootained with henzol 
never show this phenomenon. (Kos. I, II, III, for exam- 
ple.) 

Effect of Temperature on the Records 

The appearance of this black streak on the record if 
the test is made at a constant compression ratio and with 
gradually increasing temperature, indicates a temperature 
which is called the initial temperature of the explosive 
wave. If the temperature continues to be raised, it is 
found that the normal propagation no longer reaches the 
end of the combustion chamber, but is previously inter- 
rupted by the explosive wave. The black streak on the 
record, which represents it, becomes more and more pro- 
nounced as compared with the norr-al intensity. 3y in- 
creasing the heat, a temperature is reached, 150-160 C 
(302-320^?) for ordinary gasoline, at which the record no 
longer shows normal propagation, but only the spark and 
the explosive wave (photograph Ho. XXXVI I) . 

In Figure 11 we have tried to represent the success- 
ive phases observed as the temperature is raised. These 
phases are also shown on the photographs. If increasing 
quantities of tetraethyl lead are added to a gasoline 
which yields, at 150^0 (302°F) , a record of the type ? in 
Figure 11, one obtains successively all the records (S , D, 
C, 3, A) in which the discontinuity of the detonation is 
decreasingly pronounced. To obtain this result, it is 
necessary to add only very small quantities of tetracjthyl 
lead, of the order of l/lOOO of the volume of the gaso- 
line. Every trace of an explosive wave can thus be elim- 
inated. These additions do not seem to have any appre- 
ciable effect on the ignition temperature, which affords 
a new proof of the independence of these two phenomena and 
confirms the observations of Aubert^ Pignot and Villey. 
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Classifying Fuels According to Their Resistance 

to Detonation 

For a given initial t empervatur e and compression ra- 
tio, the quantities of tetraethyl lead required to he 
added to a series of fuels to eliminate detonation may 
serve as a criterion of the tendency of these fuels to det- 
onate. Unfortunately it is necessary to treat very small 
quantities with precision and handle a poisonous substance 
with pipettes, which is rather dangerous. Therefore this 
method of classifying fuels does not seem very practical. 

7e prefer the following method. A few preliminary 
tests determine the temperature at which one of the fuels, 
presumed to he of medium quality, yields a record shov^ing 
the phase D or S in Figure 11, Then the whole series 
of fuels is tested without changing the compression ratio 
or temperature. The more normal the comhustion, the less 
detonating the fuel will he considered. If one or two 
fuels of known detonating powers, evaluated "by octane num- 
bers, for example, are interpolated in the series, an oc- 
tane number can bo attributed, without groat error, for 
each of the fuels tested. 

The photographs show records corresponding to a series 
of fuels previously classified with the aid of a special 
engine. The differences shown are considerable for small 
differences in the octane number. Photographs XXXIII to 
XXXVII correspond respectively to the octane numbers 72, 
66, 62, 57, and 50. 

Identification of Fuels 

Special engines give greater precision than the pho- 
tographic method in determining the octane number. Such 
engines can give the octane iiumber to within half a point, 
while the photographic method with our second apparatus 
can only give it to within about two points. 

The photographic method, however, gives tis a definite 
and incontestable record. A different photograph with the 
same apparatus indicates a different quality of fuel. The 
most important characteristics shown by the photographic 
records are the total time of propagation, the lag and the 
beginning of the detonation, 

'\Ie would consider it of interest to add to the offi- 
cial description of a fuel showing the specific gravity, 
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distillation curvG» etct, explosion photographs, taken 
with a standard apparatus at certain predetermined temper- 
atures, e^g.. IBS"^^, 135°, and 145° C (257°, 275°, and 293°F) 
T7e "believe the photographic method could be advantageously 
employed in some such way. 

Capital Importance of the Initial Temperature 

The effect of the temperature on the appearance of 
the photograph, when the conditions of detonation are ob- 
tained, is considerable, as shown by photographs XXI to 
XXXII. These photographs were obtained with six different 
fuels, a test being made with each at 145^0 (odd-numbered 
photograph) and at 136°C (the following even-numbered pho- 
tograph) , ?or example, photographs XXVII and XXVIII were 
obtained with the C.l.P. fuel at these two temperatures, 
the compression ratio being 7 and the richness 88 mm^/ 
liter (l/ll364) at the given temperature. It was found 
that the violence of the detonation was decidedly more 
pronounced in the test made at the higher temperature. 
This statement also holds true for the other five pairs 
of photographs. The phenomenon is perfectly systematic. 

The influence of the initial temperature on the deto- 
nation records (but not on the other records) is such that 
it is necessary to be absolutely sure of its valiie in the 
explosion chamber before the test. Above all, it must be 
very uniform. Thus far we have used electric heating 
coils and, if the results are interesting, we think they 
will be still better and that a greater precision can be 
obtained in the identity of the records by improving the 
regularity and precision of the heating. 

Tests Now Being Made 

A third apparatus is now in use, in which the heating 
is effected by the circulation of hot oil around the cyl- 
inder and explc^sion chamber. The records obtained can, in 
fact, be classified with much greater precision. We have 
profited by this new apparatus to approach still more 
closely the conditions encountered in an engine. The com- 
bustion chamber is more compact, while retaining the nec- 
essary geometric shape, and the constriction is almost en- 
tirely eliminated, We think this apparatus might consti- 
tute a standard apparatus for the identifications of which 
we have spoken. The Service des Matieres Premieres de 
I'Adronautique will henceforth employ this method for test- 
ing engine fuels. 
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SUI/IMARY 



This report not only presents matters of practical 
importance in the classification of engine fuels, for 
which other means have proved inadequate, but also makes 
a few suggestions. It confirms the results of Wi throw 
and Boyd which localize the explosive wave in the last por 
tions of the mixture hurned. This "being the case, it may 
be assumed that the greater the norma.l combustion, the 
less the energy developed in tlie explosive form. 

In order to combat the detonation, it is therefore 
necessary to try to render the normal combustion swift 
and complete, as produced in carbureted mixtures contain- 
ing benzene (benzol), in which the flauie propagation, be- 
ginning i\t the spark, yields a progressive and projiouinced 
darkening on the photographic film, 

lYe stated that the propagations of the .-'asoline and 
its constituents showed a considerable lag. The propaga- 
tion v/hi ch follows the lag is dim and incomplete, after 
which one often observes a suddenly increased darkening 
(photographs VI, 711, VIII, IX). The explosive wave, 
doubtless due to peroxides which had time to form during 
this delay to normal combustion, must originate as the 
rupture of an unstable state, analogous to the crystalli- 
zation of a supersaturated licxiid into which a crystal is 
dropped. 

The antidet onant s , of which tetraethyl lea.d is the 
most r)owerful, enable the attainmeiit of better norma.l com- 
bustion, both in velocity (reduction of the lag) and in 
completeness. Hence the explosive wave ca^nnot form (due 
to the absence or small qua,ntity of peroxides) or, if it 
is formed, its power is diminished in proportion to the 
increase in the normal combustion. 

In conclusion, we v/ish to express our gratitude to 
those who have abided us either materially or by their 
counsel , 

Among the former we wish to acknowledge the generos-- 
ity of Inspector General Seguin, Directeur du Service des 
Recherche s de 1 ^ Aeronaut i que , as also of the mfinagement of 
the Soci^te? du Gaz de Paris, which is an important source 
of national fuels. 
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Among the latter, we wish t'o express our /^ratitiide to 
Mr, Cotton, memher of the Institute, and to Professor 
Hailhe and Villey of the Faculty of Sciences. 

Lastly, we wish to express our very particular ^^rat- 
itude to Mr* Aubert, who has followed these tests since 
1926 and who has often given'us the moral support so much 
needed "by investigators in the hour s of disappointment ^ - 



Translation "by Dwight M. Miner, 
National Advisory Committee 
for Aeronautics. 
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TABLE I 



Gasoline 


1 


2 


3 


Compression ratio 


7 


7 


7 


Temperat-are in cyl- 
inder 


56^ 


56° 


61° 


Atmospheric pressure 


762 Hg 


762 


771 


Fuel injected into 
cylinder per liter 
of cylinder volume, 
in mm ^ 


127 mm3 


127 


127 


Number of consecutive 
tests at one time 


3 


8 


10 


Delay "between begin- 
ning of intake and 
compression (for ho- 
mogeneity of mixture) 


5 min. 


6 min. 


1 man. 30 sec. 


propagation time (in 
l/lOOO sec.) for 
distance of 10 cm 
(4 in.) 


5.2, 5.3, 5.8, 
mean 5.6 


5.2, 4.8, 6.2, 
7.2, 5.6, 6.5, 
6.7, 7.2 

mean 6.0 


7.5, 6, 5.6, 
7.2, 6.8, 7.4, 

6.6, 5.7, 5.8, 

9 - mean 6.8 


Mean velocity per 
second deduced from 
above figures 


18 ra 


17 m 


15 m 


Lag (time between 
spark and beginning 
of propagation) 


1 , 1 • ' , <^ • D , 

mean 1,7 


1 , X , O ♦ 1 , 

3.5, 2.1, 1.9, 

2.6, 2.6. 
mean 2.1 

i 


o . 1 , 1 , o , c ^ 
2.5, 3, 2.3, 
1, 1.3, 4 
mean 2.3 


Remarks 


All the photos 
show disconti- 
nuities of 
darkening 


Half the pho- 1 
tos show dis- j 
continuities 


Four photos in 
ten show dis- 
continuities 


(mm X ,03937 = in.) 


(mjn^ X .000061 ~ 


cu.in. ) (cm x 


: .3937 - in.) 



(m X 39.37 = in.) (°C x 1.8) + 32 - °F 
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TABLE I (Cent 'd) 



G-asoline 


4 


5 


6 


Coirrnression ratio 


7 


6.4 


6.4 


inder 


630 


63° 


66° 


iiirr;i-.'i;pix6ri c pre oburt; 




770 


764 


Fuel injected into 
cylinder per liter 
of cylinder vol-ome 
in irjn^ 


127 int3 


107 


107 


lTuir;l.;er of consecutive 
tefits at one tirr.e 


5 


3 


8 


Delay "between "be^jin- 
ning of intake and 
compression (for ho- 
rr.ogeneity of mixture) 


1 nin. 30 sec. 


1 r-in. 30 sec. 


1 ffiin. 30 sec 



Fropa^-ation tine (in 
l/lOOO sec. ) for 
distance of 10 crc 
(4 in.) 

Mean velocity per 
second deduced fron. 
r."bove figures 

La^: (time "between 
spark and "beginning 
of propf^gation) 



e ra a. r k s 



4.7, 5, 6, 
D,2, 5.3 

mean 5.2 



8.7, 5.8, 9.2 

mean 7.9 



7.8, 4.9, 5.7 
13.2, 5.1 
mean 6.4 



f 

i 

19 m 


13 m 


16 m 


1.2, 1, 2. 


4.2, 1.9, 5 


1, 1, 0.4, 3, 


1.1, 1.2 




1.3, 1.5. 5.7, 


mean 1.3 


m.ean 3.9 


2.1 - mean 2 


Two photos 


Two photos 


Half the pho- 


show discon- 


show discon- 


tos show dis- 


tinuities 


tinuities 


continuities 
1.. — . ■ 
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T.AP.LE I (Cont'd) 



Gasoline 


7 


8 


9 


Coin'ores s ion ratio 


5.9 


5.9 


7 


Temriorpture in cyl- 








inder 




64^ 


102^ 


Atmospheric pressure 


1 762 Hg 


760 


762 


Fuel injected into 








cylinder per liter 
of cylinder vol^ome 


127 mm 3 


116 




in iTim^ 








Niamber of consecutive 








tests at one time 


5 


3 




Delay "between "t.egin- 






! 


ning of intake and 
compression (for Yio- 


1 r.in. 50 sec. 


1 min. 30 sec. 


I 

b sec. 


mogeneity of mixture) 








Propagation time (in 


4.9, 5, 4.9, 


5.2, 6, 4.4, 


2.4, 6.5, 11, 


1/ioOO sec.) Lfor 


8.6, 6.8 


6.5, 6.8, 6.7 


7.3, 7, 5.8 


distance of 10 cm. 


mean 6.2 


m.ean 5.9 


mean 8.6 


(4 m.) 








Mean velocity per 








second deduced from 


16 m 


17 m 


11.5 m 


a.ljove figures 








. i 
Lag (time tetween 


1.6, 1.7, 1.7, 


2.3, 2.2, 2.0» 


6.5, 1.7, 5.4, 


spark and t-eginning 


3.4, 1 


2.5, 2.7, 1.9 


4.7, 3.7, 2.2, 


of propagation) 


m.ea,n 1.4 


mea.n 2.3 


3.7 




One photo 


Two photos dis- 


All the photos 




discontinues 


continue 


show a sudden 


E e m a r k s 




1 
1 


darkening af- 
ter a very 
faint "begin- 
ning 
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TAPLE I (Cont'd) 



Benzol 90 


2 


3 


4 


Compression ratio 


7 


7 


7 


Temperature of cylin- 
der 


62^ 


63° 


63° 


Atmospheric pressure 


762 Hg 


759 


759 


liter of cylinder 
volume in mm3 


105 mm3 


127 


105 


llum'ber of tests made 


10 


5 


3 


"HpI ( foT ]l OTTO/^PTie — 

ity before compres- 
sion) 


6 min. 


1 min.30 sec. 


1 min. 30 sec. 


Propagation time (in 
1/1000 second) 


5.3, 5, 4.2, 
• 4.5, 4.2, 
4.9, 4.6, 
6.6, 6, 6 

mcon 5.1 


3.9, 4.6, 5, 
4.2, 4.6 
mean 4.4 


5.4", 8.5, 5.1 
miean 6.1 


. 

Mean. velocity oor 
second 


20 m 


23 ro 

1 


16. 5 m 


Lag (between spark 
and "beginning of 
propagation) 


0.7, 1.?, 0.2, 
0.6, 0.7, 1, 
0.9, 0.5, 1, 1 

rrean 0.8 


1 

i 0.4, 0.6, 0.5, 

' 0.7, 0.6 

1 

m>ean 0.6 


1.5, 3.7, 1 

mean 0.2 


R e m; a r k s 


All photos Ghow 
continuous and 
Tjro'jressivej 
darkening 


■ 

Continuous 
1 pnd progress-- 
1 iv<$ darken- 
1 ing 


Only one dis- 
continuity 
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TAILS I (Cont'd) 



Benzol 90 


7 


8 


9 


Compression ratio 


5.9 


5.9 


7 


Temperat-are of cyl- 
inder 




64° 


105° 


Atmospheric pressure 


746 Hg 




- 


!F"iiel injected per 
liter of cylinder 
voluiiie 


127 rrm^ 


95 


127 


lluml er of tests mri'^e 


5 


3 


3 


Dela7 (for homO}fi;ene- 
ity ''efore com- 
iDres-jion) 


1 n'in. 20 sec. 


1 min. 30 sec. 


6 sec. 


Propafcation time (in 
l/lOOO sec.) i 


3.1, :-.7, ::;.8, 

3.5, 3.8 

morn 3.4 


5.1, 4.3, 4.9 

rear 4.7 


7.3, 8, 8 

mern 7.8 


Mean velocity (per 


t.'VJ Hi 


.L • o m 




1 

Lag ("between spark | 
and I'eginning of i 
propagation) 


0.6, 1, 0, 0.6, 

Liean 0.5 


1.7, 1, 1.6 

Kiean 1.4 


'"^ r. P P O Q 

mean 2.9 


i 
i 

R e in arks | 

1 
1 


Continuous and 

prOfCa'assive 

darkening 


Contimjoas pSxd 
progressive 
darken! n;c 


Tv70 photos show 
discontinuities 
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TABLE II 



Propagation Time 


of ?lame 


in Tiaousandths of a 


Second 








Compr e s- 


Tenperature of 


cylinder 


r u e 1 




si on 














r at io 


15° 


50° 


60° 


100° 






5.9, 7 


8 


3.3, 3.5 






Benzol 90 




5.9, 7 


8 




5, 4.2 




Benzol (auto) 




5. 9,' 7 




5.5. 4.5 






Hexane 




5.9, 7 


8-8 


4.2. 4 




4.5 


Heptane 




5.9, 7 




5-5 




5 




f'A 


5.9, 7 


(a) 


'5.5, 7 








B 


7 


(a) 


5 




5.1 




C 


7 


(a) 


5.5 




4.9 


Liglit gasolines-^ 


D 


7 


9 


7 




4.1 




E 


7 


9 


6 




4.4 






5.9, 7 


6.7,- 5.6 












• 7 


(a) 


15 






Heavy gasolines ^ 


C 


7 




5,5 








D' 


7 




16 






B' 4- 30fo "benzol 




7 




6 






D» + 30^ ^oenzol 




7 




5.4 







(a) Ignition impossible. 
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Teriiosrr.tur e of crlinder, 95 C(203*^F). Compression ra.tio, 7 



Hi cime ss 
of 

nixtiir e 
(am'^/li ter) 



Time of propagation through 10 cm (about 4 in.) 
of pure ga.se (3, in ti:ousand.t:is of a second 



116 
103 
33 
75 
50 



Benzene (C-iig) 


Hexane (CqH^^,) 


j 4.4 




4.6 


j 3.4 




4.3 


4.2 




9.1 


1 5.9 




8 . 6 


! 

1 — — - > — ■ 




10.1 



TA3LS IV 



Temperature, 51^0(141.8'^?). Ricliness of rrlxtur e , 127 rmyiiter 



Tiiae reoiiirod for fla...ie 
to traverse explosion 
c h a.in 0 e r , in t n o ■'.i s an d t h s 
of a, second 



La.^!: between sparli and "be- 
^:;innin^ of propac^ation , 
in tlioiisandtlis of a 
second 



C 0 n p r e s 



1 0 n 



Ratio 



G-asoline 
Benzol 90 



-1- 



5.9 
5.1 

3.5 



6,9 
4.7 



5.9 

2 

0.5 



2 

0.6 
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TAPLE V 

Conditions under Which the Photographs Were Ohtained 



photo- 
graph 


Fuel 


Temper- 
of mix- 
ture 
degrees 


Conipression 
rat i 0 


Richness in nm^ 

uyi XX uci ux 

mixture 


I 


..... . - ^ , 

Penzol 


CO 

Do 






T T 

II 










T T T 
ill 










TV 
1 V 


VJaSUxXiJLc O 


56 


7 


127 


V 




. 56 


7 


127 


VI 


- 


100 


7 


127 


VII 


- 


63 


6.4 


107 


VIII 


- 


100 


4.5 


127 


IX 


Grasoline S 


50 


5,9 


140 


X 


Gasoline S-Penzol 
^mixture ru-ou; 


50 


5.9 


116 


XI 


Gasoline 


50 


5 .y 




XII 


Hexane + 4:i Amylene 


50 


5.9 


lib 


XIII 


Heptane 


54 


5.9 


88 


XIV 


Gasoline S 1 


53 


5.9 


155 


XV 


Gasoline S 3 


54 


7 


116 


XVI 


Benzol (auto) 


15 


5.9 


191 


XVII 


Hexane 


50 


5.9 


103 


XVIII 










XIX 




15 




191 


XX 


Hexane + li Amylene 


50 


5.9 


j 103 
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IPigs. 1.8,11 




Pig. 8 Esso and ordinary gasoline. 




B 





Et/nce//e , 



D 



F 



1. Camera with 
drum inside 

2. Cylinder 
surrounded 
"by electric 
heaters 

3. Induction 
coll 

4. Ram 



4^ Esso gasoline 
( 103 mm^/ 
liter ), 
t« 148^0 
J v= 2.86m/sec 



Ordinary gaso- 
line (103 mm^ 
liter), t= 148^ 
v= 2.88m/sec. 





Pig. 11 Variations in the record due to raising the initial temperature. 
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Figs. 2,3,4 



^-f% 





■- 50 



86^ 



.- v y V /■ r-TT? ,-—.- 77 



- 381 mm 



Fig. 2 



13 



100 



Air, 



Air 



\1 



Cotton 




Threaded 
stopper 



Fig. 3 Device for chtaining mixture 



Ram 



Cylinder 

Explosion 

chairi'oer 




Lamptlack plate 

□ 



Fig. 4 
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Figs. 5,6 



E eve lying dinm 



J 



p 



Fig. 5 Device to record motion of piston. 
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Head of piston rod 



Arc 

lamp 



I ^- Drum 



?igs. 7,9,10 

Photo 
paper 



P^- p' 



Fig. 7 Magnifying device. The magnification is given the 
ratio — 




Ricardo cylinder 
head. 



Test apparatus 



Fig. 10 Comparison of Ricardo turbulence cylinder head 
and the test apparatus. 
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Plates I to V 
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Plates XI to XV 
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XXVII! 



Plates XXV to XXVIII 

XXVI 




I 



N.A.C.A. Technical Memorandum No. 694 Plates XXXIII to XXXVII 




50 57 62 66 

Octane Ko. 



